Within the last decade, several bacteriophages have been isolated (Gardner and Weiser, 1947; Whittaker, 1950; Hnatko, 1954; Froman et al., 1954) which possess lytic and virus-reproducing activity on saprophytic and pathogenic mycobacteria. Investigations of the mycobacteriophages (Hnatko, 1953; Froman et al., 1955; Hnatko, 1956) Mi. butyricum was used as the host bacterium for all phage assays and for propagation of phage. Both 607 and I1I. ranae were used as host bacteria for studying various characteristics of the infectious process. Also, M. ranae was used for propagation of phage.
Mi. butyricum was used as the host bacterium for all phage assays and for propagation of phage. Both 607 and I1I. ranae were used as host bacteria for studying various characteristics of the infectious process. Also, M. ranae was used for propagation of phage.
Each strain was derived by single-colony isolation from the laboratory stock cultures. Transfers of experimental stock cultures were made every 10 to 14 days on hard-agar slants, incubated at 37 C for 3 days, and then stored at 4 C. Primary cultures were also used to prepare secondary cultures for logarithmic growthphase organisms. Such cultures were initiated from 0.1-ml aliquots of 24-hr primary cultures inoculated into 20 ml of the appropriate prewarmed medium and incubated at 37 C with aeration. The three strains growing under these conditions have approximately an 8-hr lag period, followed by an exponential growth period of about 14 hr leading to the stationary period (after about 22 to 24 hr). Cultures in the logarithmic growth phase were used in all experiments and will be referred to subsequently as log-phase organisms.
Phage: isolation, propagation, and concentration. The original phage suspension used was D29 (Froman et al., 1954) . When plated on M. butyricum by the soft-agar technique, it produced a mixture of plaque types. From the mixture, three true-breeding plaque-type variants were obtained by three successive singleplaque isolations (Adams, 1950) . The plaque-type variants are designated D29L, D29S, and D29T. Only the phages D29L and D29S were used.
High-titer phage lysates were prepared by two procedures. Phage was eluted from confluent-lysis plates (M. butyricum) with 4 ml of broth per plate. Mass lysates of D29S were 52 prepared on M. ranae. Log-phase organisms were washed and concentrated in broth (supplemented with 5 X 10-4 or 10-3 M calcium chloride) to a concentration of 3 to 5 X 109 colonyformers per ml. Then 0.9 ml of the bacteria were infected with 0.1 ml of phage at a phage:colonyformer ratio of 0.01 to 0.1. After 30 to 45 mm for adsorption at 37 C, the mixture was diluted to 20 ml (in broth supplemented with calcium) and incubated at 37 C with aeration. Such phageinfected cultures usually cleared in about 3 to 4 hr.
The phage lysates were centrifuged twice at 3000 rpm. The resultant supernatants were sterilized by filtration through either a UF sintered glass filter or a 02 Selas filter candle. The titers (plaque-formers per ml) were usually about 5 X 109 for plate lysates and 1 to 3 X 1010 for mass lysates. Approximately a tenfold concentration was accomplished by high-speed centrifugation in a Spinco Preparatory ultracentrifuge, model L, at 40,000 rpm for 90 min.
Plaque counts. A modification of the softagar overlay technique first described by Gratia (1936) was used. Usually, 5 drops of assay bacteria (M. butyricum) and 0.05 to 0.1 ml of a suitable phage dilution were added to 2 ml of melted soft-agar held at 44 C. The mixture was poured on a petri dish (90 by 15 mm) containing 30 ml of bottom-agar. After solidification of the agar, the plates were incubated 18 to 20 hr at 37 C and plaques were counted. The choice of these routine amounts of bacteria, of soft-agar, and of bottom-agar was based on experiments All media were sterilized by autoclaving at 121 C for 15 to 20 min.
Preparation of antisera. Antisera against D29L and D29S were prepared in male albino rabbits. Three intravenous injections were given on alternate days during the first week. The phage suspension used for immunization gave approximately 5 X 1010 plaques per each course. After a period of 1 week, the animals were bled for testing. It was necessary to give three such courses before antisera with a sufficiently high titer were obtained.
Electron microscopy. Concentrated, broth-suspended phage was used. The specimens were placed on collodion-covered grids, allowed to air-dry partially, and then were washed with distilled water, and air-dried. The air-dried preparations were shadowed with platinum at an angle tan-1 'J. The specimens were examined in an RCA, EMU-2 electron microscope.
Adsorption, one-step growth, and serum neutralization. The procedures used for these experiments were comparable to those outlined by Adams (1950 two phages was plated with 5 drops of a primary culture of M. butyricum. It was found that 2 to 3 ml of soft-agar gave the highest plaque counts on both thick and thin bottom-agar.
To determine the optimal amount of bottomagar, 2 ml of soft-agar overlay medium were used, and the bottom-agar was varied from 20 to 45 ml. A constant amount of phage was added to 5 drops of plating bacteria. The results showed that about 25 to 30 ml of bottom-agar were optimal.
To determine the optimal amount of plating bacteria, various amounts of a 24-hr primary culture of 31. butyricum were plated with a constant amount of D29L and D29S. The mixtures were inoculated into 2 ml of soft-agar and plated on about 30 ml of bottom-agar. The results showed that the plaque count is not critically dependent on the size of the bacterial inoculum over the range studied. (1) The phage-receptor sites on the bacterial surface approach saturation with phage.
(2) During the course of incubation, the bacteria are changed significantly for other reasons so that the adsorption rate constant is altered.
(3) An equilibrium is approached between adsorption and desorption.
(4) The phage population is heterogeneous with respect to adsorption.
The following experiment (figure 3) was performed to test the ability of residual phage, unadsorbed at 30 min, to adsorb on fresh bacteria.
Two control adsorption mixtures were prepared, one (high-phage mixture, curve A) receiving 30-fold more phage at time zero than the other (low-phage mixture, curve B). Each mixture contained the same concentration of input bacteria. A third tube was prepared exactly as the high-phage mixture, and a fourth tube contained a corresponding amount of uninfected bacteria. After 30 min, the third tube was immersed in an ice bath at 4 C, and the mixture centrifuged to separate free phage from adsorbed phage. A 0.1-ml aliquot of the supernatant was removed and added to the fourth tube containing uninfected bacteria (curve C), and the mixture was assayed at intervals for unadsorbed phage in the supernatant.
In figure 3 it can be seen (a) that the fractional rate of adsorption was essentially independent of phage input (curves A and B) and (b) that the adsorptive behavior of the 30 min supernatant phage (curve C) was practically identical with that of the terminally adsorbing phage in the undisturbed systems (curves A and B).
In particular, the adsorption of the 30 min supernatant phage failed to show the initial curve characteristic of the other systems. These findings tend to rule out explanations of anomalous adsorptive behavior based on saturation of bacterial receptors or approach to adsorptive equilibrium. A direct test of the latter, by studying desorption of bound phage, has not been made. The possibilities remain that either the phage population is heterogeneous with respect to adsorption, or the adsorptive characteristics of the bacteria change during incubation, or both. Fast adsorberst Slow adsorberst D29S-Mycobacteriurn 2.6 X 10-11 9.0 X 10-12 ranae D29S-607 4.0 X 10-"1 4.1 X 10-12 D29L-607 2.6 X 10(-1 8.2 X 10-11 D29L-M. ranae § _ * ml min-' colony-former-1. reveal that in absence of supplemental calcium some adsorbed phages are incapable of producing plaques. However, with a calcium supplement greater than 5 X 10-4 M (curves B and C), the fraction of adsorbed phages yielding plaques is greater than unitv. This probably means that preadsorption with calcium has a beneficial effect over that of a corresponding aliquot of free phage plated directly. A loss in plaqueforming ability of adsorbed phage is well-known as abortion (Adams, 1954) and is probably concerned with an inefficient release mechanism of the phage desoxyribonucleic acid cargo (Luria and Steiner, 1954) . D29S-607. The adsorptive behavior of D29S on 607 (with and without calcium supplement) is shown in figure 5 and the rate constants are presented in table 1. It can be seen that the phage population probably is heterogeneous with respect to adsorption on 607, as on M. ranae. The rate constants for both populations (slow and fast adsorbers) are larger when the adsorption mixture is supplemented with calcium. This effect was not observed on the D29S-M. ranae system (figure 2).
Abortion of adsorbed D29S on 607 occurs also and the abortive loss of adsorbed phage is not changed significantly with supplements of 10-4, 5 X 10-4 (figure 5), 10-3 M calcium; nor Closed circles = no added calcium. with supplements of magnesium (MgSO4), manganese (MnCl2), and magnesium plus calcium at 10-3 M. D29L-607. In figure 6 , the results of a typical adsorption experiment of D29L on 607 are presented while table 1 gives the rate constants. It is apparent that D29L adsorbs faster than D29S on 607; on the other hand, D29L, likewise heterogeneous with respect to adsorption, demonstrates a smaller population of slow adsorbing phages than D29S (determined to be about 15 and 40 per cent, respectively).
This phage-host system shows the abortive loss of adsorbed phage as observed in the previous systems. In addition, the results (table 2) show that adsorbed phage, if plated early, yields more plaques than adsorbed phages which have been incubated at 37 C and then plated. There is a progressive decrease in plaque counts for total infectious centers (adsorbed phage plus free phage) and total plaques from adsorbed phage. It appears that the destiny (ability to form plaques) of adsorbed phage is determined in part by the time between adsorption and plating. The data also show that calcium supplement (5 X 10-4 M) had no marked effect on abortion of adsorbed phage. Similar [VOL. MYCOBACTERIAL PHAGE-HOST SYSTENIS D29L adsorbs faster than D29S on 31. ranae, as well as on 607. It was also observed that over 0.9 of the adsorbed phage aborted in 10 min. The effect of calcium or other divalent cations on adsorption and abortion has not been studied.
D29S-M1
. butyricum and D29L-11. butyricum.
Significant adsorption of either phage on washed or unwashed 31. butyricum does not occur. These results are surprising since 31. butyricum is used as plating bacteria. Possible reasons are given in the Discussion for these conflicting data.
One-step growth experiment. Several preliminary one-step growth experiments (Adams, 1950) did not give the classical one-step growth results. A sharp leveling or plateau (defining the single bursts) did not appear; instead, a gradual twostep or three-step growth occurred. Cycling is usually prevented by the high dilution from the adsorption tube to the first growth tube. Apparently cycling occurred independently of (1) the low adsorption rate constant for D29S on 31. ranae and (2) the high dilution made from adsorption tube to first growth tube. A consideration of the clumped state of the bacteria in the first growth tube led to the hypothesis that adsorption of new phage progeny could occur independently of the two factors mentioned above because phage progeny from a cell contained within a bacterial clump would only have to diffuse over relatively short distances to infect adjacent bacteria.
In view of the findings of Groman and Bobb (1955) , a growth study was made on D29S on 31. ranae with and without Tween in the adsorption tube; and in addition, subsequent to adsorption, growth tubes were prepared with and without Tween. In the adsorption tube containing Tween, no appreciable adsorption occurred (table 3) . Growth tubes with Tween gave results which showed that a one-step cycle of phage growth was isolated, but growth tubes without Tween gave results previously described as cycling (figure 7). These findings are in agreement with the hypothesis that cycling occurs independently of the low adsorption rate constant and independently of the high dilution made from the adsorption tube to first growth tube, and further, that the underlying factor which makes this possible is probably the clumped state of the bacteria.
Serum neutralization. Antiserum (prepared in rabbits) against each phage was found to neu- tralize the homologous and heterologous phage with about the same efficiency. The results of homologous and heterologous systems are shown in figures 8 and 9, respectively. The k values for anti-D29L and anti-D29S are about 25 and 23, respectively. It has been found that the k values of these antisera are independent of the serum dilution used (both have been tested over a 50-fold concentration range with no significant differences). It seems, therefore, that the percentage law (Andrews and Eliord, 1933) (Williams, 1953) Groman and Bobb (1955) Groman and Bobb (1955) found that washing their Tween-treated bacteria only partially restored the ability to adsorb phage. Second, upon contact of M. butyricum with the soft-agar, either phage-receptor sites are restored or altered, or reproduction of the bacteria soon furnishes enough Tween-free bacterial surface to allow phage attachment, thus initiating the first step in plaque production. Since Tween is necessary for dispersed growth of M. butyricum but inhibits adsorption of phage, other hosts (grown in plain broth) were used to study the infectious process. Adsorption studies of D29L and D29S on 607 and M. ranae did not show exponential adsorption. The anomalous adsorptive behavior is interpreted as being due to heterogeneity of the phage population with respect to adsorption (slow and fast adsorbers). In suspensions of D29L the fraction of slow adsorbers (about 0.15) is smaller than that of D29S (about 0.4).
It appears that there may be a differential effect of calcium on the adsorption rate of D29S on the two hosts studied (607 and M. ranae).
Increase in adsorption, as a result of added calcium, was observed only in the D29S-607 system. For the T phages, the optimal amounts of mono-and divalent salts vary with each phage (Luria, 1953) . The salt concentration of the medium can influence the mechanism of attachment of phage to bacteria (Tolmach, 1957) .
Although it was shown that D29L and D29S adsorb to the host bacteria, not every adsorbed phage produces a plaque. In fact, in the D29L-607 system continued incubation of adsorbed phage at 37 C prior to plating led to a progressive loss of plaque-formers. About 0.9 were lost in 20 min. This loss of adsorbed phage was not so marked in the phage-host systems containing D29S. As a result, in the former system, the time between adsorption and plating is critical. The abortive loss of adsorbed phage (Adams, 1954) is frequently due to a deficiency of certain cations such as calcium. In some phage-host systems calcium is not necessary for phage attachment but is necessary for phage development subsequent to adsorption (Puck, 1949; Adams, 1949; Kay and Fildes, 1950; Luria and Steiner, 1954) . Phage D29S adsorbed to M. ranae is prevented from aborting by 5 X 10-4 M and higher calcium supplement, but neither D29L nor D29S adsorbed to 607 was prevented from aborting by calcium supplement.
One-step growth studies could be made on the D29S-M. ranae system due to the absence of abortion. Calcium was used to prevent abortion of adsorbed phage and Tween 80 was used to prevent adsorption of first-cycle phage progeny on uninfected bacteria present in clumps with the initially infected bacteria. Groman and Lockart (1953) Tween 80 was found to prevent adsorption in several phage-host systems but had no effect on free phage or adsorbed phage.
One-step growth experiments (D29S-M. ranae) in broth and Tween-broth showed that a single cycle of phage growth was isolated only in Tween-broth.
The probable reason for this finding is discussed. The minimal latent period is about 90 min, the rise period about 45 min, and the average burst size is 18.
Neutralization of D29L and D29S by homologous or heterologous antisera was exponential. The two phages are indistinguishable in these tests. The k value of anti-D29L and anti-D29S is 2a and 23, respectively.
Electron micrographs show no significant morphological differences between the two phages. Both are tadpole shaped.
